Ornamental tobacco (Nicotiana langsdorffii X N. sanderae) secretes a limited array of proteins (nectarins) into its floral nectar. Careful sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of tobacco nectar revealed that a broad protein band from 61 to 65 kD actually consists of five discrete protein bands. N-terminal sequencing and tryptic peptide mass spectrometry fingerprint analysis demonstrated that the upper three bands are isoforms of the same protein, NEC5 (Nectarin V), whereas the lower two bands, NEC4 (Nectarin IV), are related to each other but not to NEC5. Reverse transcriptionpolymerase chain reaction (RT-PCR) based upon N-terminal sequence of NEC5 generated a short cDNA that encoded the N terminus of the NEC5 protein. Two rounds of inverse-PCR using genomic DNA permitted the isolation of approximately one-half of the coding region of the nec5 gene along with 787 nucleotides of the 5Ј-flanking region. This DNA fragment was used as a probe to isolate a near full-length nec5 clone from a nectary-derived cDNA library. BLAST analysis identified the nec5 cDNA as a berberine bridge enzyme-like protein. Approximately 40% of the cDNA sequence corresponded to peptides that were identified by tryptic peptide mass spectrometry fingerprint analysis of the NEC5 protein, thereby confirming that this cDNA encoded the NEC5 protein.
During evolution, many angiosperms have developed a remarkable reproductive strategy that relies on animal pollinators to transfer pollen between plants. These plants attract pollinators with floral rewards that encourage insect, avian, and mammalian visitors. Perhaps the primary reward for many species that visit angiosperms is floral nectar. Floral nectar is produced from a terminally differentiated organ frequently located at the base of the flower. Nectar is principally an aqueous carbohydrate solution, containing most frequently sucrose, glucose, and fructose. However, nectars are also known to contain amino acids (Baker and Baker, 1973) , organic acids (Baker and Baker, 1975) , vitamins (Griebel and Hess, 1940) , oils (Vogel, 1969) , biological cations (Heinrich, 1989) , and proteins (Carter et al., 1999; Thornburg, 2000, 2003; Thornburg et al., 2003) .
Over the past 5 years, our work has demonstrated the presence of a limited array of five proteins, termed nectarins, that are secreted into the nectar of ornamental tobacco (N. langsdorffii X N. sanderae) (Carter et al., 1999) . We have demonstrated that the major protein, NEC1 (Nectarin I), is a novel germinlike protein (Carter et al., 1999 ) that functions as a superoxide dismutase, producing high levels (up to 4 mm) of hydrogen peroxide (Carter and Thornburg, 2000) . These levels are antimicrobial (C. Carter and R.W. Thornburg, unpublished data) and have led to the hypothesis that a heretofore unrecognized function of the nectary gland is a defense of the gynoecium from microbial attack . The expression of the nectarins is also tightly regulated. In the case of Nectarin I, the protein is expressed uniquely in the nectary gland and only at times when nectar is actively being secreted from the nectary gland (Carter et al., 1999; Carter and Thornburg, 2003) . Furthermore, recent analyses of the nec1 promoter indicate that multiple elements are required to achieve this nectary-specific pattern of expression .
The identification of the other nectar proteins has remained elusive until recently. NEC2 (Nectarin II) has been identified as a breakdown product of NEC3 (Nectarin III), which is a dioscorin-like, multifunctional protein with carbonic anhydrase and monodehydroascorbate reductase activities (C. Carter and R.W. Thornburg, manuscript in preparation) . Here, we describe NEC5 (Nectarin 5) as flavin-containing berberine bridge enzyme (BBE)-like protein. Although plant nectar has been considered by many to be a simple sugar solution, our work has demonstrated that nectar is a complex biological fluid containing a significant biochemistry.
RESULTS
Attempts to identify and characterize the tobacco nectar proteins were undertaken to evaluate their possible functions within nectar. Our strategy to characterize these proteins was to isolate and subject them to N-terminal sequencing analyses. Based upon N-terminal sequences, efforts were initiated to isolate a corresponding gene for further analysis.
Identification of NEC5 as a BBE-Like Protein

N-Terminal Sequencing of NEC5
Nectar proteins were separated on an 18-cm, 8% SDS-PAGE and stained with Coomassie Blue R-250. Figure 1 demonstrates that the broad protein band that runs at 61 to 65 kD, formerly termed Nectarin IV (Carter et al., 1999) , actually consists of five distinct protein bands. A separate identical gel was blotted onto polyvinyl difluoride (PVDF), and each of these protein bands was excised and subjected to N-terminal sequencing at the Iowa State University Protein Facility (Ames). This analysis revealed that the top three protein bands (NEC5a, 5b, 5c) share the same N-terminal sequence (see Fig. 1 ). The composite sequence of the upper three bands was determined to be XVQKKFLQXLSVSDQXFPIYTT, where X is unknown. BLAST analysis of this N-terminal sequence failed to identify any potential homologs. The N-terminal amino acid sequencing of the two lowest molecular mass proteins (Nectarin IVa and IVb) of this complex yielded no useful sequence information, and we concluded that these N termini are likely blocked. At this point, these protein bands were renamed NEC4a, 4b, NEC5a, 5b, and 5c in order of increasing molecular mass (see Fig. 1 ).
Isolation and Characterization of the NEC5 cDNA
Based upon the N-terminal sequence of the NEC5 proteins, degenerate oligonucleotides for reverse transcription-polymerase chain reaction (RT-PCR) amplification were designed, and a strategy was established for the isolation of the NEC5 coding sequence (Fig. 2) . Sequences of the degenerate oligonucleotides are shown in Table I . Total RNA was isolated from mature (Stage 12) nectaries and reverse transcribed using oligo(dT). After first strand synthesis, PCR was used to generate a partial cDNA. This fragment was blunt-end cloned into the HincII site of pUC8 to generate clone pRT507. This partial cDNA was 65 nucleotides in length and matched the first 22 amino acids of the mature protein. The sequence of pRT507 is shown in Figure 3A . The translated amino acid sequence of this clone is compared with the N-terminal sequence of NEC5c.
Attempts to use this fragment as a probe to screen a Nicotiana plumbaginifolia genomic library were unsuccessful. Therefore, we performed inverse PCR using oligonucleotides (NecV-INV1 and NecV-INV2 see Table I ) that were designed from the internal sequence of the partial cDNA. Genomic DNA, isolated from ornamental tobacco, was subsequently digested with Sau3A I and self-ligated using T4 DNA ligase. Inverse-PCR yielded a 538-nucleotide fragment. This fragment was completely sequenced, and a new set of primers, NecV-FOR1 and NecV-REV1 (Table I) , was designed. A second round of inverse-PCR was carried out after digestion of genomic DNA with TaqI and self-ligation. The second round of inverse-PCR resulted in a 1.6-kb fragment that was blunt-end cloned into the HincII site of pUC119 to generate the clone pRT517. This genomic fragment contained about one half of the NEC5 coding region along with 787 nucleotides of flanking sequencing upstream from the ATG start codon. This sequence was deposited into GenBank (accession no. AF503442). Comparison of the amino acid sequence encoded by pRT517 with homologous proteins indicated that this genomic fragment contained no introns. The 5Ј-flanking regions of nec5 were also analyzed for potential transcription start sites using the neural network promoter prediction site (http:// www.fruitfly.org/seq-tools/promoter.html). This tool, which correctly predicted the nec1 transcription start site , predicts a single site at A-603 as the transcription start site with high probability.
This larger, inverse-PCR fragment was used to screen a cDNA library derived from mature nectary tissue. A single, strongly hybridizing plaque was taken through two rounds of screening. The plasmid was excised from the phage using the BM25.8 strain of Escherichia coli (CLONTECH, Palo Alto, CA). This clone was then designated as pRT522 and was completely sequenced. This cDNA sequence has been deposited in GenBank (accession no. AF503441).
The isolated cDNA lacked approximately 360 nucleotides at the 5Ј end including the first 105 amino acids. However, when the inverse-PCR fragments were aligned with the cDNA, the full open reading frame was revealed (see Fig. 3B ).
Characterization of the NEC5 Protein
The full-length nec5 gene encodes a protein of 523 amino acids. The PSORT online analysis tool (Nakai and Kanehisa, 1992 ) predicted a 21-amino acid N-terminal signal peptide that correctly identified the mature N terminus of NEC5. The mature NEC5 protein has a predicted mature mass of 57,188 D and a pI of 6.40. Also, there are five potential sites of N-glycosylation at N49, N64, N127, N257, and N476.
Tryptic Peptide Mass Fingerprint Analysis of the NEC5 Protein
To confirm that the NEC5 gene encoded the observed proteins, we performed tryptic peptide fingerprint mass spectrometry (MS) on each of the NEC5 proteins. From the initial analysis of the NEC5c protein band, we identified 22 peptides that matched the predicted masses derived from the translated sequence of the NEC5 gene. These peptides covered 39.4% of the total amino acid sequence of the mature protein. Figure 3B and Table II show these identified peptides.
The mass peaks of peptides that were predicted to be N-glycosylated were all absent in the fingerprint analysis of the NEC5c isoform. This suggested that all five sites may be glycosylated (see Table II ). If we assume an average mass of 1,500 D per site of glycosylation (Jaikaran et al., 1990) , then the predicted mass of the NEC5c protein [57.1 ϩ (5 ϫ 1.5) ϭ 64.6 kD] very closely matches the observed mass from Figure 3 . Sequences of nec5. A, Sequence of the pRT507 is presented, along with the sequence of the degenerate oligonucleotides (Nec5-5Ј and Nec5-3Ј), the translation of the pRT507 insert, and the N-terminal amino acid sequence. B, Derived amino acid sequence of the composite NEC5 protein along with the mature N-terminal sequence are presented. The shaded residues indicate the sequences of peptides that correspond to the trypsin fingerprint MS-identified peptides (Table II) 
SDS-PAGE of 65 kD. The NEC5a and NEC5b proteins contained an additional peptide peak (Peak 21 in Table II ) that was not observed in the NEC5c isoform. This peptide corresponds to amino acids F63 to K67, which contains the N-glycosylation site at NN64-64. The identification of this peptide in the NEC5a and 5b isoforms suggests that this position is not glycosylated in these proteins. In addition, the NEC5a isoform also contained a second peptide peak (Peak 2 in Table II ) that was not observed in the NEC5b or NEC5c isoforms. This peptide corresponds to amino acids N49 to R62, which contains the N-glycosylation site at N49. The identification of this peptide in the NEC5a isoform suggests that the NEC5a isoform lacks additional glycosylation. Cumulatively, data for the various NEC5 isoforms (5a, 5b, and 5c) indicate that these proteins are encoded by the same gene product, and the observed differences in masses result from differential N-glycosylation. The two protein bands that appear directly below the NEC5 isoforms (NEC4a and 4b) were also subjected to MALDI-TOF MS tryptic fingerprint analysis. The peptides produced from these proteins are similar to each other but are significantly different from those produced from the NEC5 isoforms and could not be correlated with the sequence of the nec5 cDNA. These data coupled with the finding that the N termini of the NEC4 isoforms appear to be blocked suggests that NEC4 isoforms are not related to the NEC5 gene product.
Characterization of NEC5 as a Flavoprotein
BLAST searches (Altschul et al., 1990 ) of the full translated NEC5 protein sequence identified it as a BBE-like protein. BBE (reticuline oxidase) was originally identified in California poppy (Eschscholtzia californica; Dittrich and Kutchan, 1991) . It catalyzes the conversion of S-reticuline into S-scoulerine and is a major branch point of benzophenanthridine alkaloid biosynthesis in plants (Dittrich and Kutchan, 1991; Bird and Facchini, 2001) . A large family of related proteins has been identified in other plants, and in Arabidopsis there are 27 potential homologs (Fig. 4) . The three known BBE homologs form an outlying clade in this analysis, and this suggests that the function of most of the BBE-like proteins may not be closely related to the function of these three enzymes. To examine whether NEC5 may be involved in alkaloid biosynthesis in nectar, a Dragendorff test was performed on freshly collected nectar (Baker and Baker, 1982) . The negative results indicated that alkaloids are not present in detectable amounts in the nectar of ornamental tobacco and suggest that NEC5 is not likely to be involved in alkaloid biosynthesis in nectar.
Examination of the best characterized of the BBEs (Kutchan and Dittrich, 1995) revealed that these proteins contain a conserved, covalently bound FAD moiety that is required for activity. The translated NEC5 sequence also contains a homologous consen- sus flavin-binding domain (Fig. 3C ). To test whether NEC5 is a flavoprotein, we purified the protein by ion-exchange chromatography. The presence of a flavin cofactor in the purified NEC5 protein was verified spectroscopically (Fig. 5A) . The purified protein's fluorescence spectra were recorded (Fig. 5B) . The excitation maximum was found to be 314 nm with a resultant emission maximum at 631 nm. These spectra are consistent with the flavin fluorescence of BBE from California poppy (Kutchan and Dittrich, 1995) . To determine whether the cofactor is covalently associated with the protein, both crude nectar and ammonium sulfate precipitated nectar proteins were subjected to standard 12% SDS-PAGE. After electrophoresis, the gel was visualized on a transilluminator at 366 nm. The resultant fluorescence corresponded to the approximately 65-kD NEC5 isoforms (Fig. 5C ). These results confirm that NEC5 contains a covalently bound flavin as do the classical BBEs. Further, the tryptic peptide (S101 to R126) that contains the predicted FAD attachment site (H104) is missing from the MALDI-TOF analysis of each of the NEC5 isoforms, suggesting that the mass of this peptide is altered in the mature NEC5 proteins.
Characterization of NEC5 as a Glc Oxidase (GOX)
In addition to characterization of NEC5 as a BBElike protein, BLAST searches also identified two homologous proteins described simply as carbohydrate oxidases. These proteins were derived from lettuce (AF472608) and sunflower (AF472609). These proteins are labeled LsCHOX and HaCHOX in Figure 4 , respectively. Although these proteins are still distantly related to NEC5, the identification of these proteins led us to examine nectar for carbohydrate oxidase activity.
To determine whether nectar contains carbohydrate oxidase activity, crude nectar (25 L) was applied to an 8% native PAGE and incubated in GOX substrate solution containing 100 mm Glc as described in "Materials and Methods." This analysis, shown in Figure 6A , revealed a strongly staining band in the presence of glucose (lane 1). Similar experiments were also performed using galactose and mannose as carbohydrate substrates (Lanes 2 and 3). These sugars resulted in no observable activity bands.
To verify that this activity is associated with NEC5, the protein bands that positively stained with Glc were excised from the native gel, incubated in SDS-PAGE loading buffer, boiled, applied to standard 12% Laemmli gel, electrophoresed, and stained with Coomassie Blue. The results (Fig. 6B, lane 3) indicated that NEC5 is the only protein observed from the activity band.
Temporal and Spatial Expression of the nec5 Transcript
To evaluate the temporal and spatial patterns of NEC5 expression, RT-PCR was performed. Total RNA was isolated from all major tobacco tissues and from nectaries at various stages of development. This RNA was reverse transcribed using the SMART cDNA synthesis kit (CLONTECH). PCR was then performed using 1 L of each RT reaction with internal oligonucleotides specific for nec5 (Table I) .
Tobacco floral development can be divided into 12 discreet stages that were defined by Koltunow et al. (1990) . During the process of floral development, the nectary also undergoes a series of discrete developmental stages. The initiation of the nectary occurs at a primordial floral stage, when the flower bud is still quite small. By floral Stage 1 the nectary is a welldifferentiated ring of cells surrounding the primordial gynoecium. The filling stage of nectary development is characterized by an engorgement of the nectary gland, during which the nectary characteris- Figure 7A demonstrates that the nec5 transcript is not expressed in the immature nectary gland (Stages 2-8) but is found in Stages 10 and 12. After pollination, no nec5 transcript was detectable.
To determine spatial expression patterns of NEC5, all major floral and vegetative organs were examined by RT-PCR (Fig. 7B) . nec5 transcript expression was limited solely to the nectary tissues. All vegetative organs and all floral organs with the exception of the nectary gland lacked nec5 transcript expression. These studies demonstrated that nec5 is expressed exclusively in the nectary gland. Both the spatial and temporal expression profiles of NEC5 very closely mirror those of NEC1 (Carter et al., 1999; Carter and Thornburg, 2003) . 
Promoter Comparison Analysis
Because the expression patterns of NEC5 so closely resembled those of NEC1, we next evaluated the 787 nucleotides of nec5 promoter for similarities with the nec1 promoter. To compare these sequences, we initially searched for identity between the two promoters; however, no significant identity between these promoters was found. Recent analysis of the nec1 promoter reveals that multiple DNA elements are involved in generating the nectary-specific phenotype. One of these elements limits expression of the gene in the petals, whereas another element controls the temporal expression . This second, temporal regulatory element contains a consensus MYB-binding site. Therefore, we searched the isolated nec5 promoter for consensus MYB-binding sites. This search verified that the nec5 promoter did contain a consensus MYB-binding site (Table III) . This site, located at nucleotides 207 to 215 (Ϫ395 to Ϫ387 relative to the predicted transcription start site) is very similar to MYB-binding sites present in other floral promoters.
DISCUSSION
We previously described a small set of proteins that are expressed in the nectar of tobacco plants.
These proteins are termed nectarins. NEC1, a 29-kD monomer, the most abundant nectar protein, was identified as a manganese-containing, germin-like, superoxide dismutase (Carter et al., 1999; Carter and Thornburg, 2000) . The nec1 promoter was later isolated, and reporter constructs demonstrated that the gene is expressed exclusively in actively secreting nectary tissue . NEC3 is a dioscorin-like polyfunctional protein that has carbonic anhydrase and monodehydroascorbate reductase activity (C. Carter and R.W. Thornburg, manuscript in preparation). We now have identified the NEC5 protein, determined enzymatic activities, isolated the corresponding cDNA/gene, and resolved its patterns of expression.
N-terminal sequencing of NEC5 isoforms did not reveal any potential homologs, but the N-terminal amino acid sequence permitted us to isolate cDNAs and genomic clones that encode the NEC5 proteins. BLAST analysis of the cloned fragments identified NEC5 as a BBE-like protein. BBE catalyzes the conversion of s-reticuline into s-scoulerine and is a major branch point of benzophenanthridine alkaloid biosynthesis in plants (Dittrich and Kutchan, 1991; Bird and Facchini, 2001 ). However, most BBE-like proteins have unknown functions. Because the nectar of ornamental tobacco lacks alkaloids, we concluded that NEC5 likely had no role in alkaloid metabolism. Major common characteristics of these BBE-like proteins include putative signal peptides, sites of N-glycosylation, and a conserved flavin-binding domain. The conserved flavin-binding domain in NEC5 is from amino acids 71 to 225, and a covalent site of attachment is predicted at His-104. Fluorometric and in-gel data confirmed the presence of a covalently attached FAD to NEC5.
Previous studies on NEC1 demonstrated that the presence of a signal peptide is likely required for the observed extracellular localization (Carter et al., 1999) . N-terminal sequencing suggests that the NEC5 signal peptide that is cleaved between residues D23 and V24.
Flavin-containing proteins generally catalyze redox reactions. The fact that NEC5 contains this cofactor at a conserved site suggested that this protein may also be involved in regulating the oxidative state of nectar. Our analyses indicate that NEC5 contains GOX activity and may function in generating the high (Sablowski et al., 1994) .
levels of hydrogen peroxide found in nectar. GOX catalyzes the oxidation of d-Glc to d-gluconic acid and hydrogen peroxide (Pazur and Kleppe, 1964) . The best characterized form of the enzyme, from the fungi Aspergillus niger, is a homodimer, contains two non-covalently bound molecules of FAD, and is highly specific for Glc (Pazur and Kleppe, 1964) . The functionally equivalent hexose oxidase (HOX) from the red algae Chondrus crispus can use multiple mono-and disaccharides, lacks FAD, and likely requires copper for activity (Hansen and Stougaard, 1997) . Interestingly, although both NEC5 and GOX contain bound flavin, the enzymes share very little identity with one another. Conversely, NEC5 shares a small but significant 23% identity (39% including conserved substitutions) with the copper-containing HOX. Experiments are underway to characterize the absolute requirements for NEC5 GOX activity.
With the high concentration of simple sugars present in tobacco nectar (35% [w/v]), NEC5 GOX activity likely contributes toward the antimicrobial levels of hydrogen peroxide found therein. Interestingly, honey is known for its antimicrobial nature and has been used in wound dressings (Bang et al., 2003) . It is thought that GOX is secreted from the hypopharyngeal gland of worker honeybees (Apismellifera) into collected nectar, and studies have demonstrated that the hydrogen peroxide present in honey is at least partly responsible for its antiseptic powers (Bang et al., 2003) . Thus, analogous systems may exist in tobacco nectar and in honey for limiting the growth of microorganisms.
Only a handful of BBE genes and their products have been characterized to date (Kutchan and Dittrich, 1995; Facchini et al., 1996; Ikezawa et al., 2003) . The "true" BBE genes are involved in the production of benzylisoquinoline alkaloids. Interestingly, there are many BBE-like genes reported in plants that do not contain these alkaloids (Arabidopsis alone contains 27 BBE-like genes). This strongly suggests that the BBE family of proteins is involved in multiple capacities. This is not necessarily a unique finding. For example, the germin gene family in plants is found in large numbers (Arabidopsis has 35 germin-like protein family members and the reported functions of these proteins include oxalate oxidase, superoxide dismutase, auxin-binding, protease inhibitor, and ADP-Glc pyrophosphatase activities (Lane et al., 1993; Ohmiya et al., 1998; Carter and Thornburg, 2000; Rodriguez-Lopez et al., 2001; Segarra et al., 2003) . It is likely with time that numerous functions for the BBE gene family will be found. Glucose oxidase appears to be one such function.
The patterns of NEC5 expression are very similar to the patterns of expression of NEC1. This suggests that the promoters regulating these two genes may share common mechanisms regulating their expression. Some floral-specific promoters are known to be regulated by a MYB family member known as MYB305 (Sablowski et al., 1994) . Similar MYB sequences are also found in the promoter of the petunia NecI gene (Table III) , an unrelated gene, whose product may be involved in nectar secretion (Ge et al., 2000) . Finally, PsMYB26, which is a pea (Pisum sativum) MYB305 homolog has been reported to bind in vitro to the sequence TAACCTAAC (Uimari and Strommer, 1997) , further suggesting that MYB305 proteins may bind to and regulate the nectarin promoters. Comparison of the nec5 promoter with the nec1 promoter reveals the presence of similar MYBbinding sites that have also been identified in other nectary expressed genes (Table III) . Further, the temporal expression pattern is consistent with the expression being driven by a MYB-like factor. MYB proteins are known to be expressed in tobacco flowers at Stage 10 just before anthesis (Sablowski et al., 1994) . We recently have isolated several cDNA clones encoding an MYB305-like protein that are expressed in the mature (Stage 12) nectary gland (D.Y. Yin and R.W. Thornburg, unpublished data) . We are currently expressing the tobacco MYB305-like protein to determine whether this protein can directly interact with the MYB-binding sites of the nec1 and nec5 promoters.
MATERIALS AND METHODS
Reagents
Reagents and chemicals were obtained from Fisher Scientific (Pittsburgh) or from Sigma (St. Louis) unless otherwise noted.
Plant Material
The line of ornamental tobacco plants used in this study was derived from an interspecific cross between Nicotiana langsdorfii and Nicotiana sanderae. Both of these species are diploid and belong to the Alatae section of Nicotiana. These plants were previously used to study a genetic instability (Kornaga et al., 1997) and the tobacco nectar proteins (Carter et al., 1999; Carter and Thornburg, 2000) . Nectar was collected as described (Carter et al., 1999) .
N-Terminal Sequencing
Crude nectar protein (100 g) was subjected to an 8% SDS-PAGE (Laemmli, 1970) , briefly stained with Coomassie Blue R-250, and electrophoretically transferred to PVDF membrane. The stained protein bands were excised from the PVDF membrane and sequenced at the Iowa State University Protein Facility on a 477A protein sequencer/120A analyzer (PEApplied Biosystems, Foster City, CA) using sequential Edman degradation.
MALDI-TOF MS
Crude nectar protein (100 g) was subjected to an 8% SDS-PAGE and briefly stained with Coomassie Blue G-250. Corresponding bands were excised, digested with trypsin, and analyzed by MALDI-TOF MS (Wang et al., 2000) . Masses were collected over a range of 600 to 4,000 D on a TOF mass analyzer (Lasermat 2000 MALDI, Finnigan, Madison, WI) .
cDNA Library Construction
Total RNA was isolated from Stage 12 nectaries by the method of Chomczynski and Sacchi (1987) , and mRNA was isolated using the PolyATract mRNA isolation kit (Promega, Madison, WI). Purified mRNA was then used to create a cDNA library using the SMART cDNA library construction kit
